ABSTRACT Ribosome biogenesis has been studied extensively in the yeast Saccharomyces cerevisiae. Yeast Ltv1 is a conserved 40S-associated biogenesis factor that has been proposed to function in small subunit nuclear export. Here we show that Ltv1 has a canonical leucine-rich nuclear export signal (NES) at its extreme C terminus that is both necessary for Crm1 interaction and Ltv1 export. The C terminus of Ltv1 can substitute for the NES in the 60S-export adapter Nmd3, demonstrating that it is a functional NES. Overexpression of an Ltv1 lacking its NES (Ltv1ΔC13) was strongly dominant negative and resulted in the nuclear accumulation of RpS3-GFP; however, export of the pre-40S was not affected. In addition, expression of endogenous levels of Ltv1ΔC protein complemented both the slow-growth phenotype and the 40S biogenesis defect of an ltv1 deletion mutant. Thus, if Ltv1 is a nuclear export adapter for the pre-40S subunit, its function must be fully redundant with additional export factors. The dominant negative phenotype of Ltv1ΔNES overexpression was suppressed by co-overexpressing RpS3 and its chaperone, Yar1, or by deletion of the RpS3-binding site in Ltv1ΔNES, suggesting that titration of RpS3 by Ltv1ΔNES is deleterious in yeast. The dominant-negative phenotype did not correlate with a decrease in 40S levels but rather with a reduction in the polysome-to-monosome ratio, indicating reduced rates of translation. We suggest that titration of RpS3 by excess nuclear Ltv1 interferes with 40S function or with a nonribosomal function of RpS3.
R IBOSOME biogenesis in eukaryotes is arguably the most complex assembly line in nature. It involves .150 nonribosomal biogenesis factors and occurs though a series of ordered events that initiate in the nucleolus and terminate in the cytoplasm. Much of ribosome biogenesis is cotranscriptional and occurs at the site of pre-ribosomal RNA (rRNA) transcription in the nucleolus. In Saccharomyces cerevisiae, RNAP1 transcribes a 35S primary rRNA transcript, which is cotranscriptionally folded, methylated, modified, and assembled with a subset of ribosomal proteins and nonribosomal biogenesis factors into a 90S particle collectively referred to as the small subunit (SSU) processome (for recent reviews see Kressler et al. 2010; Karbstein 2011; Phipps et al. 2011) . Endonucleolytic cleavage of the primary transcript within the SSU particle releases a pre-40S subunit containing 20S rRNA, small subunit ribosomal proteins (RPs), and numerous 40S-specific biogenesis factors, the majority of which are released as the subunit leaves the nucleolus (Schafer et al. 2003; Osheim et al. 2004; Kos and Tollervey 2010) . Pre-40S particles undergo relatively few compositional changes as they travel through the nucleoplasm. Pre-60S particles, on the other hand, undergo numerous dynamic changes in composition in the nucleoplasm, with subsets of biogenesis factors being released sequentially as remodeling events triggered by energy-consuming ATPases and GTPases take place (Tschochner and Hurt 2003; Strunk and Karbstein 2009 ). 40S and 60S precursor subunits exit the nucleus, each accompanied by a different small contingent of biogenesis factors that are presumed to function either in export or in the subsequent maturation events that take place in the cytoplasm. As specific maturation steps are completed, these biogenesis factors are sequentially released in the cytoplasm and recycle to the nucleus (reviewed in Zemp and Kutay 2007; Johnson 2009; Panse and Johnson 2010) .
Although the subunits are exported independently of one another, both require the nuclear export receptor Crm1 (Ho et al. 2000; Gadal et al. 2001; Moy and Silver 2002; Thomas and Kutay 2003; Trotta et al. 2003) . Crm1 exports a broad range of substrates, all of which contain, or recruit a factor that contains, a leucine-rich nuclear export sequence (LR-NES), a short motif with a loosely conserved pattern of four to five hydrophobic residues (Wen et al. 1995; Fornerod et al. 1997; Stade et al. 1997; Fornerod and Ohno 2002; la Cour et al. 2004) . Cocrystallization of Crm1 with the cargo Snurportin revealed the structural basis for NES binding; five hydrophobic residues in the NES fit into five specific hydrophobic pockets in Crm1 (Dong et al. 2009; Monecke et al. 2009 ). Based upon the structure of Crm1 cocrystallized with different cargo proteins, the NES consensus was refined recently into two different consensus sequences; these differ in the spacing of the hydrophobic residues (Guttler et al. 2010) .
Crm1-dependent export of the large ribosomal subunit requires the export adapter Nmd3, whose C-terminal NES is necessary for 60S export in vivo (Ho et al. 2000; Gadal et al. 2001; Thomas and Kutay 2003; Trotta et al. 2003) and for Nmd3 binding to Crm1 in vitro (Thomas and Kutay 2003) . In addition, the messenger RNA (mRNA) export receptor Mex67/Mtr2 and the pre-60S component Arx1 participate in pre-60S export (Bradatsch et al. 2007; Hung et al. 2008; Yao et al. 2008) . Whether the pre-40S similarly requires multiple export factors and/or Crm1 adapters has remained an elusive question. No essential factor like Nmd3 has been identified for 40S export, despite numerous screens of temperature-sensitive mutants that yielded mutants defective in 60S export (Bassler et al. 2001; Gadal et al. 2001; Milkereit et al. 2001; Moy and Silver 2002) . This suggests either that export of the pre-40S relies on distributed or partially redundant pathways or that the necessary adapter also plays another essential role in biogenesis that masks its role in export. The distributed pathways interpretation is supported by the discovery that Mex67-Mtr2 binds to pre-40S subunits and supports pre-40S export to the cytoplasm (Faza et al. 2012) . Other possible candidates for a 40S Crm1 export adapter include Dim2, Ltv1, and Rio2. Of these, human Rio2 has been shown to have a sequence in its C terminus, deletion of which significantly reduces the rate of pre-40S export in human cells (Zemp et al. 2009 ). In yeast, both Dim2 and Ltv1 have been proposed as pre-40S adapters (Seiser et al. 2006; Vanrobays et al. 2008) . However, the proposed NES in Dim2 does not match the new structure-based LR-NES consensus (Guttler et al. 2010) , and a possible NES in Ltv1 (aa 169-176) was later shown by us to be important for cytoplasmic maturation, but not export (Fassio et al. 2010) .
A role for Ltv1 in 40S export is supported by three main observations: Ltv1 copurifies with late pre-40S particles (Schafer et al. 2003; Seiser et al. 2006) ; Ltv1 is a nuclear-cytoplasmic shuttle protein that accumulates in the nucleus upon inhibition of Crm1 (Schafer et al. 2003; Seiser et al. 2006) ; and, in Δltv1 cells, export of pre-40S subunits is delayed as measured by reduced export of RpS3-GFP and 20S rRNA (Seiser et al. 2006 ). Here we have further explored the role of Ltv1 in export. We show that Ltv1 has a consensus LR-NES at its extreme C terminus that is necessary for both Ltv1 export and Crm1 interaction. Overexpression of an Ltv1 lacking only this NES (Ltv1ΔNES) is dominant negative and results in the nuclear accumulation of RpS3-GFP; however, pre-40S export does not appear to be affected as monitored by localization of RpS2-GFP, Nob1-GFP, and 20S rRNA. Furthermore, Ltv1ΔNES complemented an ltv1 deletion mutant. Thus, if Ltv1 functions as a nuclear export factor for the 40S subunit, its function must be fully redundant with other export factors. The dominantnegative phenotype of Ltv1ΔNES overexpression was suppressed by overexpressing RpS3 along with its chaperone, Yar1, or by deletion of the RpS3-binding site in Ltv1ΔNES, suggesting that it is the retention of RpS3 by a nuclear-restricted Ltv1 that impacts growth. The dominant-negative phenotype did not correlate with reduced 40S levels but rather with an increase in the monosome-to-polysome ratio, indicating reduced rates of translation. We suggest that titration of RpS3 by excess nuclear Ltv1 interferes with 40S function or with a nonribosomal function of RpS3.
Materials and Methods

Yeast strains and culture conditions
Yeast strains used are listed in Table 1 . Yeast were grown at 30°with continuous shaking in YPD (1% yeast extract, 2% bactopeptone, and 2% glucose) unless otherwise stated. Strains transformed with galactose-inducible expression plasmids (pGAL) were grown in selective media containing 2% galactose. Yeast transformations were performed using the lithium acetate method (Gietz et al. 1992) .
Construction of plasmids
Plasmids used are listed in Table 2 . Ld119 was constructed by EcoRI digestion of plasmid Ld47 (Seiser et al. 2006) to remove the region of the LTV1 ORF encoding the final 237 amino acids of the protein followed by self-ligation of the linear vector. Ld144 was constructed by the digestion of plasmid Ld73 (Fassio et al. 2010) with BamHI and SalI to excise the entire LTV1 ORF, which was then ligated into the same sites in pUG34. J. H. Hegemann, Düsseldorf, Germany, kindly provided all pUG vectors used in this study. The sequences of all these vectors are available at the MIPS website (http://www.mips.biochem.mpg.de/proj/yeast/info/tools/ hegemann/gfp.html). Ld143 was constructed by digestion of Ld141 (p415GAL-LTV1ΔC69) with BamHI and SalI to release the LTV1 ORF fragment lacking the 69 amino acids of the C terminus. This was then ligated into the same sites in pUG34. Ld153 was constructed by PCR amplification of the LTV1 ORF from nucleotide 1 to 1353 (deleting the C-terminal 13 amino acids) using the forward primer 59 CCACCGGATCCATGTCGAAGAAATTTAGCTCTAAAAACTCCC 39 and the reverse primer 59 CCACCGTCGACCTATTTCTTT TTCTCTTGCCTTTCACG 39 using plasmid Ld68 (P LTV1 -LTV1-GFP) as a template. The PCR product was digested with BamHI and SalI and ligated into the same sites in pUG34. Ld8 was constructed by amplifying the YAR1 ORF frame with the forward primer AAGCTTGGTACCAGATATGGGCC TACACAG and the reverse primer GGGGTACCCAGATATGG GGCCTACACAG. The PCR product was then digested with KpnI and inserted into the same site in the pYES2 plasmid (Invitrogen). Ld165 was constructed by amplifying the sequence of the LTV1 ORF encoding the terminal 71 amino acids (nt 1186-1392) using the forward primer 59 CCACC CCCGGGGATTTTGAGTCAATGCTTATGAC 39 and the reverse primer 59 CCACCTTAATTAAAAATTTTAAGCTGCTTAGTG TATTGG TGACCTTCTC 39. The PCR product was then digested with XmaI and PacI and ligated into the same sites in the vector pAJ584 (Hedges et al. 2006) .
Plasmids 257, 258 , and Ld263 were constructed using the Gateway Cloning System (Invitrogen). Full-length Ltv1 and Ltv1 with either N-or C-terminal deletions were generated by amplifying the corresponding sequences from genomic DNA using primers containing the attB and attP recombination sequences. For a complete list of the primer sequences used, please contact the authors. The PCR products were then cloned into pDONR221 (Invitrogen) using the BP clonase enzyme. These entry vectors were then subcloned into the destination vectors pGADT7g or pGADCg (Stellberger et al. 2010) or pAG413GAL, pAG415GAL, or pAG416GAL (Alberti et al. 2007) as indicated using the LR clonase enzyme. Ld233 and Ld208 were generated using primers containing the attB and attP recombination sequences to amplify the RPS3 ORF. The resulting PCR product was cloned into pDONR221 using BP clonase and subcloned into pGBKT7g or pAG415GAL using the LR clonase enzyme.
All plasmids containing internal LTV1 deletions (Ld255, (259) (260) (261) (269) (270) 287, 276) were constructed using inverse PCR (Rabhi et al. 2004 ) and either LTV1 in Ld180 or LTV1ΔC13 in pDONR as the template. Primers were designed to anneal to LTV1 sequences flanking the region to be deleted in a tail-to-tail fashion. The PCR products were then phosphorylated with T4 polynucleotide kinase (NEB), circularized using T4 DNA ligase (NEB), and transformed into chemically competent bacteria. Resultant entry clones were then recombined into the appropriate expression vectors using LR clonase (Invitrogen). Ld329 was constructed using inverse PCR and Ld181 as the template to insert the 10-amino-acid protein kinase inhibitor (PKI) NES (LALKLAGLDI) (Wen et al. 1995) into the C terminus of Ltv1ΔC13. The authors can be contacted for primers.
Fluorescence microscopy of living cells
Cells were grown in selective media to mid-log stage as measured by OD 600 values between 0.2 and 0.6. Cultures were harvested by centrifugation and resuspended in 50-100 ml of selective media or sterile water. Cells were then mounted on to poly-L-lysine-coated slides and viewed with the 1003 objective lens of a Zeiss Axioskop or Zeiss AxioImager D2 epifluorescence microscope using a FITC fluorescence filter. Images were captured using AxioVision software V 4.8.2.0 and processed in Photoshop.
In situ hybridization
Yeast cultures were grown overnight in selective media and diluted to an optical density of 0.1 OD 600 in selective media containing 2% galactose. Cultures were then grown for 8 hr at 30°with constant shaking and fixed in 3.7% formaldehyde for 30 min at room temperature. Fixed cells were washed in a buffer containing 0.1 M KPO4 (pH 7.5) and 1.2 M sorbitol. Spheroplasting of cells and in situ hybridization of a Cy3-labeled ITS1 oligonucleotide probe (IDT) were conducted as previously described (Amberg et al. 1992; Moy and Silver 2002; Seiser et al. 2006) . Cells were viewed using the 1003 objective lens of a Zeiss Axioskop epifluorescence microscope with a Texas Red fluorescence filter. Images were analyzed using AxioVision software V 4.8.2.0.
Immunoprecipitation
Co-immunoprecipitations of ribosomal proteins with Ltv1-CFP were carried out as follows. Cells transformed with Ld206 (pAG416GAL-LTV1-CFP) or Ld205 (pAG416Gal-LTV1ΔC69-CFP) were grown at 30°in selective media containing 2% galactose to an OD 600 of 0.4-0.6. All subsequent steps were performed at 0°-4°unless otherwise stated. Cells were collected by centrifugation, washed in lysis buffer [100 mM HEPES, pH 8.0, 150 mM Sodium acetate, 10% glycerol, 0.4% NP40, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF and complete protease inhibitor (Roche)] and lysed by vortexing with 500-mm acid-washed beads (Sigma). The extracts were clarified by centrifugation at 16,000 3 g for 10 min. Protein concentrations were adjusted to 5 mg/ml in lysis buffer. Epoxy M-270 Dynabeads were conjugated to anti-GFP antibody following the manufacturer's instructions (Invitrogen). Thirty microliters of GFP-conjugated beads were added for each milliliter of clarified extract and incubated with gentle rocking for MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4D gal80DLYS::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ James et al. (1996) Ltv1ΔNES Retains RpS32 hr. The beads were washed three times with lysis buffer, and proteins were eluted in 50 ml of 23 Laemmli buffer at 65°for 10 min. Proteins were separated on a 14% SDS-PAGE gel and analyzed by Western blot. Nitrocellulose blots were incubated with a-GFP (Rockland), a-RpS3 (a gift from Matthias Seedorf), a-Rps4 (a gift from Robert Seiser, Roosevelt University, Chicago), and a-Rps24, diluted in TBST to 1:10,000, 1:20,000, 1:10,000, and 1:2,000, respectively, for 1 hr. Blots were washed, incubated with bovine anti-rabbit secondary antibody linked to HRP (Santa Cruz Biotechnology), and imaged using Luminol Reagent (Santa Cruz Biotechnology) and a Molecular Imager Gel Doc system (Bio-Rad).
Sucrose density-gradient sedimentation
For polysome profiles, cells were grown at 30°to an OD 600 of 0.3. Cycloheximide (100 mg/ml) was added to the cultures followed by incubation in the 30°shaker for 10 min. The cells were then immediately poured onto ice and collected by centrifugation. All steps were carried out at 0°-4°. Cells were washed with lysis buffer (100 mM KCl, 50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 150 mg/ml cycloheximide, 7 mM ß-mercaptoethanol, 1 mM PMSF, 1 mg/ml Leupeptin, 1 mg/ml Pepstatin A) and lysed by vortexing in the presence of glass beads. Extracts were centrifuged for 10 min at 15,000 3 g at 4°, and 9 OD 260 units of clarified extract were loaded onto 7-47% sucrose gradients prepared in the appropriate buffer and centrifuged for 2.5 hr at 40,000 3 g (Beckman SW40 rotor). Gradients were fractionated (ISCO Model 640) with continuous monitoring at 254 nm and automated collection of 600-ml fractions. Fractions were precipitated with 10% trichloroacetic acid overnight at 220°. The pellets were resuspended in Laemmli buffer and boiled at 99°for 5 min. Proteins were separated on 8% SDS-PAGE gels, transferred to nitrocellulose, and subjected to Western blot analysis.
Results
C terminus of Ltv1 is both necessary and sufficient for nuclear export
The late pre-40S biogenesis factor Ltv1 is a shuttle protein the nuclear export of which is Crm1-dependent (Seiser et al. 2006) . To determine which sequences in Ltv1 are responsible for its export, we constructed two C-terminal deletions of LTV1 and fused these to GFP ( Figure 1A ). As shown in Figure 1B , Ltv1 with either an N-terminal or a C-terminal GFP tag was functional because both fusion proteins rescued the slow-growth phenotype of Δltv1 cells. We then evaluated the nuclear/ cytoplasmic distribution of the encoded proteins by fluorescence microscopy. As shown in Figure 1C , full-length Ltv1-GFP was cytoplasmic, while Ltv1 lacking either 69 or 237 amino acids from the C terminus (GFP-Ltv1ΔC69 and Ltv1ΔC237-GFP, respectively) was strongly localized to the nucleus. These results indicate that sequences necessary for Ltv1 export reside within the C-terminal 69 amino acids of the protein.
To test whether this C-terminal region of Ltv1 is also sufficient for nuclear export, we used a previously characterized Crm1 cargo, the pre-60S nuclear export adapter Nmd3 (Ho et al. 2000) . NMD3 is an essential gene in yeast (Ho and Johnson 1999) , and nmd3ΔNES mutants are very slow growing (Ho and Johnson 1999; Ho et al. 2000; Gadal et al. 2001) . We therefore replaced the NES-containing region deleted in nmd3ΔC100-GFP (Figure 2A ) with the C-terminal 70 amino acids from Ltv1 and assayed both for Nmd3 export and for the rescue of the temperature-sensitive growth of nmd3-4ts cells. As shown in Figure 2B , nmd3-4ts cells did not grow at 37°and nmd3-4ts cells expressing nmd3ΔC100-GFP grew very poorly. However, addition of the Ltv1 C-terminal sequence to nmd3ΔC100-GFP restored growth at 37°to levels comparable to cells expressing wild-type NMD3-GFP. Furthermore, the Ltv1 C-terminal sequence fully restored export to the nuclear localized Nmd3ΔC100-GFP ( Figure 2C ). Taken together, these results demonstrate that the Ltv1 C terminus contains a functional nuclear export sequence.
A canonical LR-NES in the Ltv1 C terminus is necessary for export and Crm1 interaction Crm1 binds cargo through a canonical LR-NES. Within the 69-aa C terminus of Ltv1 is a single sequence, LEKVTNTLSSLKF, which conforms perfectly to the revised NES consensus based on the crystal structure of the PKI NES bound to Crm1-RanGTP (Guttler et al. 2010) (Figure 3A ). To determine whether this sequence, found at the very terminus of the protein, is responsible for Ltv1 export, we constructed a GFP-tagged version of Ltv1 lacking only the last 13 amino acids. As shown in Figure  3B , this protein also accumulated in the nucleus in a manner similar to that of GFP-Ltv1ΔC69. These data indicate that the canonical LR-NES that resides in the last 13 amino acids of the protein is necessary for Ltv1 export.
If the C-terminal 13 amino acids of Ltv1 function as an NES, then this sequence should also interact with Crm1. To test this, we constructed yeast two-hybrid vectors containing full-length and truncated versions of Ltv1 fused to the GAL4 activation domain (AD) and Crm1 fused to the Gal4 DNAbinding domain (DB), both as N-terminal fusions. These vectors were transformed into a yeast two-hybrid strain containing integrated ADE2 and HIS3 reporter genes, each under the control of a GAL UAS (James et al. 1996) . As shown in Figure 3C , neither fusion protein alone activated ADE2 reporter gene transcription (Empty + Crm1 and Ltv1 + Empty), confirming that Figure 1 The C terminus of Ltv1 is necessary for nuclear export. (A) Schematic of Ltv1 C-terminal deletions. Putative NES sequence is indicated, with the consensus hydrophobic residues shaded; potential NLS sequences (PKGRRAH and KKKRK) are also shown. (B) Cell dilution assay. Wild-type (LY134) and Δltv1 (LY136) cells were transformed with the following plasmids: empty vector (pUG23) and Ltv1 with GFP fused to the N terminus (Ld144) or the C terminus (Ld47). Stationary-phase cultures were adjusted to an OD 660 of 1.0, diluted serially 1:5, spotted onto selective plates, and grown at 30°for 72 hr prior to imaging. (C) Fluorescence microscopy of Δltv1 cells transformed with Ltv1-GFP (Ld144), GFP-Ltv1ΔC69 (Ld143), and Ltv1ΔC237-GFP (Ld119).
activation requires protein-protein interaction. ADE2 expression was activated in cells with DB-Crm1 and either full-length Ltv1 (WT) or a version of Ltv1 missing 55 amino acids from the N terminus (ΔN55). Deletion of the Ltv1 C terminus prevented this activation; neither AD-Ltv1ΔC69 nor AD-Ltv1ΔC13 activated transcription in the presence of DB-Crm1 ( Figure 3C ). We conclude that the C-terminal canonical NES of Ltv1 is necessary for Ltv1-Crm1 interaction and for Ltv1 nuclear export.
Overexpression of Ltv1DNES is dominant negative
We previously proposed that Ltv1's function in 40S biogenesis might be to act as a nonessential Crm1-adapter for pre-40S nuclear export (Seiser et al. 2006) . This hypothesis predicts that overexpression of an NES-deficient form of Ltv1 that could bind the pre-40S but not interact with Crm1 should lead to the nuclear accumulation of pre-40S subunits and a dominant-negative, slow-growth phenotype. Overexpressed Ltv1DNES would be expected to outcompete the wild-type protein for binding to the pre-40S, and if Ltv1DNES-bound pre-40S subunits could not bind Crm1, this should reduce pre-40S export and dominantly reduce growth. To test this hypothesis, we overexpressed in wild-type cells full-length and NES-deficient Ltv1 proteins using the GAL1 promoter. As shown in Figure 4A , while overexpression of full-length Ltv1 had no effect, overexpression of both Ltv1DC69 or Ltv1ΔC13 strongly inhibited the growth of wild-type cells on plates containing galactose but not glucose. These data indicate that overexpression of Ltv1DNES proteins is dominant negative.
Overexpression of Ltv1DNES affects RpS3 but not pre-40S export
To determine whether cells overexpressing Ltv1DNES have reduced pre-40S export, we used two different small subunit proteins as markers for the 40S, RpS2, and RpS3. In both yeast and Escherichia coli, RpS2 (RpS5 in E. coli) loads early and before RpS3 in the ribosome assembly pathway (FerreiraCerca et al. 2007; Chen and Williamson 2013) . We expressed both RpS2 and RpS3 as GFP fusions from their endogenous promoters in cells overexpressing Ltv1 or Ltv1ΔC13 to test for nuclear retention of the pre-40S. As shown in Figure 5 , cells overexpressing pGAL-Ltv1 exhibited the normal cytoplasmic localization of RpS3-GFP, but in cells overexpressing pGALLtv1ΔC13, RpS3-GFP was nuclear-localized. RpS2-GFP, on the other hand, was predominantly cytoplasmic under both conditions. This same difference was observed in cells overexpressing pGAL-Ltv1DC69; RpS3-GFP was nuclear-localized while RpS2-GFP was predominantly cytoplasmic (data not shown). Thus, while Ltv1DC overexpression correlated with RpS3 nuclear accumulation, RpS2 localization was unaffected. This phenotype is distinct from cells lacking Ltv1 altogether; in Dltv1 cells, both RpS3-GFP and RpS2-GFP exhibit reduced nuclear export to approximately the same degree (Table 3) . This is consistent with our previously published observations for RpS3 export in Dltv1 cells (Seiser et al. 2006) .
To further explore whether pre-40S export is reduced in cells overexpressing Ltv1ΔC13 protein, we used two other pre-40S markers, Enp1-GFP and Nob1-GFP. Both Enp1 and Nob1 are late pre-40S-associated biogenesis factors that accumulate in the nucleus when export is blocked (Schafer et al. 2003; Leger-Silvestre et al. 2004; Strunk et al. 2011) . Enp1 is found in both 90S and pre-40S particles, and the GFPtagged protein is detected in both the nucleolus and the cytoplasm in exponentially growing cells (Schafer et al. 2003; Leger-Silvestre et al. 2004) ; Nob1 is associated with late pre-40S particles, and the GFP-tagged protein is predominantly cytoplasmic at steady state but redistributes to the nucleus upon inhibition of Crm1 (Schafer et al. 2003; Zemp et al. 2009 ). These biogenesis factors are a more sensitive measure of 40S export kinetics than RpS2 and RpS3 because they rapidly shuttle. When we examined the cellular localization of Enp1 and Nob1 in cells overexpressing either wild-type Ltv1 or Ltv1ΔC13, we did not see any difference in the localization of Nob1; it was mostly cytoplasmic in either case ( Figure 5A ). The failure of Nob1-GFP to accumulate in the nucleus is not a consequence of some failure in the nuclear import of the protein, as inhibition of Crm1 with leptomycin B (LMB) did result in its nuclear accumulation ( Figure 5A ). Figure 2 The C terminus of Ltv1 is sufficient for nuclear export. (A) Schematic diagram of Nmd3 indicating the NES and NLS sequences. Nmd3Δ100 removes 100 residues including the NES from the C terminus. (B) nmd3-4ts (LY271) cells were transformed with the following plasmids: empty vector (pRS315), wild-type NMD3-GFP (pAJ582), nmd3Δ100-GFP (pAJ584), or nmd3Δ100-ltv1C71-GFP (nmd3Δ100 plus sequence encoding the last 71 amino acids of Ltv1) (Ld165). Equal numbers of cells from each strain were spotted onto selective plates and grown at the indicated temperatures for 60 hr. (C) Wild-type (LY134) cells were transformed with NMD3-GFP (pAJ582), nmd3Δ100-GFP (pAJ584), or nmd3Δ100-ltv1C71-GFP (Ld165). Live, log-phase cells were imaged by fluorescence microscopy.
Enp1-GFP localization was more variable, with some cells exhibiting mostly nucleolar fluorescence, others nuclear, and others cytoplasmic. Nonetheless, there was a general shift toward more cells showing nuclear and nucleolar staining in cells overexpressing Ltv1ΔC13 protein than in cells overexpressing wild-type Ltv1 protein, consistent with Enp1-GFP nuclear retention ( Figure 5A ).
Finally, we asked whether cells overexpressing Ltv1ΔC13 protein have reduced pre-40S export by monitoring the in vivo localization of the 59 portion of the internal transcribed spacer 1 (ITS1) present within the 20S rRNA by fluorescence in situ hybridization (FISH). In wild-type cells, ITS1 is seen in the nucleolus but not in the nucleoplasm, due to the rapid nuclear export of pre-40S subunits (Moy and Silver 2002; Leger-Silvestre et al. 2004; Faza et al. 2012) . After export, the 59 portion of ITS1 is cleaved from the 20S rRNA by Nob1 and rapidly degraded by the cytoplasmic nuclease Xrn1, resulting in a low level of ITS1 signal in the cytoplasm. Yeast mutants with reduced or blocked pre-40S nuclear export have a different ITS1 distribution; the ITS1 signal spreads from the nucleolus to include the entire nucleoplasm, and any cytoplasmic ITS1 signal is further reduced (Moy and Silver 2002; Leger-Silvestre et al. 2004; Faza et al. 2012) . To test whether ltv1ΔC13 overexpression affected pre-40S export, we performed FISH on cells induced to overexpress either wild-type Ltv1 or Ltv1ΔC13 protein. In cells overexpressing wild-type Ltv1, the ITS1 signal was concentrated in the nucleolus with some cytoplasmic fluorescence ( Figure 5B ), very much like wild-type cells. In cells overexpressing Ltv1ΔC13, there was very little change in the ITS1 distribution; we did not observe the nucleoplasmic expansion of ITS1 signal nor a loss in cytoplasmic signal that we expected if there was a reduction in pre-40S export ( Figure  5B ). These data suggest that overexpression of Ltv1DNES protein is not blocking pre-40S export.
We then analyzed the polysome profiles of cells overexpressing either Ltv1ΔC13 or Ltv1DC69. If overexpression of either of these C-terminally truncated proteins interferes with pre-40S export, then these cells should exhibit a 40S biogenesis defect. We fractionated extracts of cells overexpressing GFP-tagged versions of wild-type, Ltv1DC69, or Ltv1ΔC13 on sucrose gradients. Traces of the resulting polysome profiles are shown in Figure 4C . While both mutants displayed an altered polysome profile, neither exhibited the reduced 40S peak or the increased free 60S peak typical of a 40S biogenesis defect. Rather, the increase in the 80S peak and the decrease in the polysome peaks suggest a reduction in translation initiation.
Ltv1DNES complements the slow-growth phenotype of Dltv1 cells
Cells lacking any Ltv1 (Dltv1) are slow growing at low temperature and produce about half as many 40S subunits as wild-type cells do (Loar et al. 2004) . If these phenotypes are due to a role of Ltv1 in pre-40S export, then expression of the export-defective Ltv1DNES protein should not complement these Dltv1 phenotypes. To address this question, we expressed GFP-tagged versions of our Ltv1 C-terminal deletions in Dltv1 cells and assayed their growth at low temperature. To our surprise, we found that, while Ltv1 lacking the C-terminal half the protein (DC237) did not complement the Dltv1 phenotype, the GFP-ltv1ΔC13 construct fully complemented, and the GFP-ltv1ΔC69 construct partially complemented, the cold-sensitive slow-growth phenotype of Dltv1 cells ( Figure 6A ). To make sure complementation was not due to altered levels of expression, we replaced the MET25 promoter present in these GFP plasmids with the LTV1 promoter. We also observed complementation of the Dltv1 slow-growth phenotype when we expressed Ltv1-GFP and Ltv1ΔC13-GFP from the LTV1 promoter ( Figure  6B ). Finally, similar results were obtained with untagged protein (data not shown). (Guttler et al. 2010) . The consensus has five hydrophobic positions shown as shaded (Ø 0 -Ø 4 ) and interspersed with a specific number of hydrophilic residues (X), where the subscript refers to the number of residues. (B) Fluorescence microscopy of live, log-phase Dltv1 cells transformed with plasmids expressing N-terminal GFP-tagged Ltv1; GFP-Ltv1 (Ld144), GFP-Ltv1ΔC69 (Ld143), and GFPLtv1ΔC13 (Ld153). Cells were grown into log phase (OD 660 0.5-0.8) in selective media at 30°prior to imaging. (C) Two-hybrid assay. Full-length and truncated forms of Ltv1 fused to an N-terminal GAL4 activation domain (Empty, pGADT7g; WT, Ld170; ΔN55, Ld172; ΔC69, Ld174; ΔC13, Ld173) were tested for interaction with Crm1 fused to an N-terminal GAL4 DNA-binding domain (pGBD-Crm1) or empty vector (pGBDC2) (James et al. 1996) . The fusion constructs were cotransformed into PJ69a cells containing integrated GAL1::HIS3 and GAL2::ADE2 reporter genes (James et al. 1996) . Activation of the ADE2 reporter gene was measured by comparing growth on selective plates lacking leucine and tryptophan (Leu2 Trp2) media 6 adenine (Ade), as indicated.
To test whether Ltv1DNES could complement the ribosome biogenesis defect of Dltv1 cells, we fractionated extracts of Dltv1 cells expressing Ltv1-GFP or Ltv1ΔC13-GFP on sucrose gradients. The polysome profiles of these cells were nearly identical to those of wild-type cells, indicating that expression of endogenous levels of Ltv1ΔC13 protein was sufficient to complement the 40S biogenesis defect of Dltv1 cells ( Figure 6C ). When we used anti-GFP antibodies to detect Ltv1 across the gradient, we detected a GFP band that comigrated with the 40S peak in both cases, confirming that Ltv1ΔC13 proteins can bind the pre-40S ( Figure 6C ). The ability of export-deficient Ltv1ΔC13 to complement both the slow-growth phenotype and the 40S biogenesis defect of Dltv1 cells suggests that, if Ltv1 is a 40S export adapter, this function of Ltv1 must be fully redundant with other Crm1-dependent export adapters in the cell.
These data leave open the question of why overexpression of an NES-deficient Ltv1 protein is dominant-negative. One possibility is that overexpressed Ltv1DC proteins are deleterious because they bind and retain RpS3 in the nucleus. To explore this question further, we first asked whether Ltv1DC proteins interact with RpS3. We used the yeast twohybrid assay to test full-length Ltv1DC69 and Ltv1DN55 against RpS3. Full-length Ltv1 interacted with RpS3 ( Figure  7A ), consistent with previously published data from a genomewide screen of protein-protein interactions (Ito et al. 2001) . In addition, both truncated proteins interacted with RpS3, indicating that neither the N terminus nor the C terminus of Ltv1 were necessary for the RpS3 interaction ( Figure 7A ).
If Ltv1DNES retains RpS3 but not the pre-40S, this suggests that the two proteins form a complex that is distinct and separate from their mutual interaction with the pre-40S subunit. To test for such a ribosome-free RpS3:Ltv1DNES complex, we overexpressed both wild-type and Ltv1DC69 as C-terminal CFP-tagged proteins in wild-type cells. Ltv1 proteins were immunoprecipitated with antibody against the CFP tag, and blots were then probed for the CFP tag and for the small subunit proteins Rps3, Rps4, and Rps24. As shown in Figure 7B , both the full-length and NES-deficient Ltv1 proteins were produced in approximately equal amounts. While wild-type Ltv1 coprecipitated approximately equal amounts of RpS3, RpS4, and RpS24, Ltv1DC69 coprecipitated relatively more RpS3 and less RpS4 and RpS24. This result is consistent with the hypothesis that both Ltv1 and Ltv1DC69 bind the pre-40S, but only Ltv1DC69 accumulates in a subcomplex with RpS3.
To determine whether nuclear retention of RpS3 might be the cause of the dominant-negative phenotype of cells overexpressing Ltv1DNES, we did two experiments. First, we added the NES of mammalian PKI (Wen et al. 1995) to the C terminus of Ltv1ΔC13 and overexpressed the hybrid protein. We found that addition of a heterologous NES Figure 4 Ltv1ΔNES overexpression is dominant negative. (A) Cell dilution assay. Galactose-inducible plasmids expressing Ltv1 (Ld180), Ltv1ΔC13 (Ld181), Ltv1ΔC69 (Ld182), and Ltv1ΔC13PKINES (Ld329) were transformed into wild-type yeast (LY134) as indicated. Transformants were grown overnight in selective media containing glucose. Cells were then adjusted to an OD 660 of 1.0, serially diluted 1:5, spotted onto selective plates containing glucose or galactose, and imaged after 48 hr at 30°. (B) RpS3-GFP microscopy. Transformants described in (A) were cotransformed with P RpS3 -RpS3-GFP (Ld70) grown in selective media with 2% glucose overnight at 30°, spun down, and resuspended in selective media with 2% raffinose, grown overnight, and finally diluted into selective media with 2% galactose. Log-phase cells were imaged 12 hr later. (C) Polysome profiles of strains described in A. Cultures were incubated overnight in selective media containing glucose, spun down, washed once in selective media with galactose, resuspended to an OD of 0.1 in selective media containing 2% galactose, and incubated for 5 hr until cells reached mid-log phase. Extracts were analyzed on sucrose density gradients as described in Materials and Methods. Traces showing the absorbance of rRNA at 254 nm of each fraction are overlaid.
to Ltv1ΔC13 rescued both the dominant-negative slowgrowth phenotype ( Figure 4A ) and the nuclear retention of RpS3-GFP ( Figure 4B) , showing again the correlation between these two phenotypes. We next asked whether overexpression of RpS3 could rescue the dominant-negative slow-growth phenotype of Ltv1DC overexpression. We transformed wild-type cells with GAL-regulated RPS3, LTV1, and ltv1C13 vectors. As shown in Figure 8A , overexpression of wild-type Ltv1 or RpS3 on galactose-containing media had no effect on growth, but overexpression of Ltv1ΔC13 strongly inhibited growth. Overexpression of Rps3 in cells overexpressing Ltv1ΔC13 did not rescue the dominant-negative phenotype. However, RpS3 has a binding partner and proposed chaperone, Yar1 (Loar et al. 2004) , which increases its solubility (Koch et al. 2012) . We therefore transformed cells overexpressing Ltv1ΔC13 with both YAR1 and RPS3 plasmids. Co-overexpression of both RpS3 and Yar1 fully rescued the slow-growth phenotype of Ltv1ΔC13 expression on galactose ( Figure 8A , bottom). Interestingly, overexpression of Yar1 alone rescued most of the dominant-negative phenotype of Ltv1ΔC13 overexpression. This suggests that RpS3 levels may be limited by the amount of Yar1 in the cell, and thus overexpressing Yar1 increases the amount of stable RpS3 in cells even without overexpressing the RPS3 gene. Taken together, these results are consistent with the hypothesis that it is the nuclear retention of RpS3 by Ltv1DNES that is the cause of the slow-growth phenotype of Ltv1DNES overexpressing cells.
Yar1 is a shuttle protein (Koch et al. 2012) and has been proposed to bind RpS3 in the cytoplasm and to accompany it into the nucleus. The recent crystal structure of RpS3 in complex with Yar1 illustrates how Yar1 protects RpS3 from aggregation in solution and suggests how it might stabilize it in a conformation that would facilitate nuclear import (Holzer et al. 2013) . If Ltv1 interacts with RpS3 as it enters the nucleus with Yar1, perhaps to facilitate the incorporation of RpS3 into the ribosome, we might expect that overexpression of Ltv1DNES would retain Yar1 in the nucleus as well as RpS3. To test this, we overexpressed Ltv1 and Ltv1ΔC13 in cells expressing YAR1-GFP from the endogenous Figure 5 Ltv1ΔNES overexpression affects Rps3-GFP, but not pre-40S export. (A) Fluorescence microscopy of cells expressing various GFP-tagged proteins and overexpressing either Ltv1 (pGAL-Ltv1) or Ltv1ΔNES (pGALLtv1ΔC13) on media containing galactose. For RpS3 and RpS2, wild-type (LY134) cells were cotransformed with Ld140 (P RpS3 -RPS3-GFP) or Ld70 (P RpS2 -RPS2-GFP) and either P GAL -LTV1 (Ld180) or P GAL -ltv1ΔC13 (Ld181). For Enp1, LY256 cells, which have GFP integrated at the ENP1 locus, were transformed with Ld177 (P GAL -LTV1) or Ld178 (P GAL -ltv1ΔC13). For Nob1, an LMB-sensitive strain with an integrated NOB1-GFP gene (LY261) was transformed with Ld177 (P GAL -LTV1) or Ld178 (P GAL -ltv1ΔC13). All cultures were grown to log phase in selective media with raffinose before dilution into selective media with either 2% galactose or 2% glucose. Cells were grown into log phase (6 hr) before imaging. Cells treated with LMB were incubated for 2 hr with 100 ng/ml LMB at room temperature following growth in 2% galactose. (B) FISH. Wild-type cells (LY134) were transformed with plasmids Ld180 and Ld181. Cultures were grown to stationary phase in selective media containing 2% glucose, diluted into fresh media containing 2% galactose, and grown overnight to an OD 660 of 0.4-0.6. A Cy3-labeled DNA probe complementary to the 59-ITS1 sequence was hybridized to fixed, permeabilized cells prior to imaging using TRITC filters. a All cells were transformed with either P RPS2 -RPS2-GFP (Ld140) or P RPS3 -RPS3-GFP (Ld70). b Cells were scored for relative fluorescence intensity in the nucleus (N) or cytoplasm (C). The first two rows are the analysis of images, representatives of which are shown in Figure 5A . c n is the number of cells scored in each experiment. chromosomal locus. We could detect no difference in the localization of the Yar1-GFP signal when Ltv1ΔC13 was overexpressed on galactose; the signal was primarily cytoplasmic in both Ltv1 and Ltv1ΔC13 overexpressing cells ( Figure 8B ). This result suggests that overexpressed Ltv1DNES binds RpS3 after its release from Yar1.
Deleting the RpS3-binding sequences in Ltv1DNES relieves nuclear retention of RpS3 and partially rescues the DN phenotype due to overexpression of Ltv1DNES
If over-expression of Ltv1ΔNES protein is dominant negative because it retains RpS3 in the nucleus, then deleting the RpS3-binding site in Ltv1DNES might be expected to relieve the slow-growth phenotype. To test this hypothesis, we made a series of five contiguous, non-overlapping internal deletions in ltv1ΔC13, beginning at nucleotides specifying amino acid 56 and extending to amino acid 394: D56-102, D103-201, D202-321, D322-332, and D333-394 ( Figure 9A ). We chose these deletion endpoints based on the location of predicted unstructured regions in the protein. The mutant constructs were recombined into GAL4 activation domain plasmids and tested for interaction with RpS3 in a yeast two-hybrid assay. As shown in Figure 9B , three of the five deletion Figure 6 ltv1ΔC13 complements the slow-growth and ribosome biogenesis phenotypes of Δltv1. (A) Cell dilution assay. Wild-type (LY134) and Δltv1 (LY136) cells were transformed with empty vector (pUG34) and Δltv1 cells with the following MET25 promoter constructs: GFP-Ltv1 (Ld144), GFP-Ltv1ΔC13 (Ld153), GFP-Ltv1ΔC69 (Ld143), and Ltv1ΔC237-GFP (Ld119). Transformants were grown in selective media overnight, diluted to an OD of 1.0, serially diluted 1:5, and spotted onto selective plates containing 200 mM methionine. Cells were grown at 22°and imaged after 48 hr. (B) Cell dilution assay. Wild-type (LY134) and Δltv1 (LY136) cells were transformed with empty vector (pUG35), and Δltv1 cells were transformed with Ltv1-GFP (Ld68) or Ltv1ΔC13-GFP (Ld183) under the control of the LTV1 promoter. Cells were diluted to an OD 600 of 1.0, serially diluted 1:10, and spotted onto selective plates in duplicate. Plates were incubated at 23°f or 2 days prior to imaging. (C) Polysome profiles. Δltv1 (LY136) cells were transformed with plasmids expressing Ltv1-GFP (Ld68) or Ltv1ΔC13-GFP (Ld183) from the LTV1 promoter. Extracts were run on 7-47% sucrose gradients, and fractions were analyzed by SDS-PAGE as described in Materials and Methods. Ltv1 was detected using anti-GFP. constructs, Ltv1D202-321ΔC13, Ltv1D322-332ΔC13, and Ltv1D333-394ΔC13, interacted with RpS3, as measured by growth on plates lacking histidine. The two deletions, Ltv1D56-102ΔC13 and Ltv1D103-201ΔC13, failed to activate transcription, suggesting that amino acids 56-201 encompass the region of Ltv1 necessary for RpS3 interaction.
If Ltv1ΔC13 overexpression is dominant negative because it retains RpS3 in the nucleus, deletion of the RpS3-binding site in Ltv1ΔC13 should relieve the dominant-negative phenotype. We chose the Ltv1D56-102ΔC13 deletion construct and confirmed that Ltv1D56-102ΔC13-GFP accumulated in the nucleus using fluorescent microscopy ( Figure 9C ). We also confirmed that deletion of amino acids 56-102 of Ltv1 did not destabilize the protein. As shown in Figure 9E , Ltv1ΔC13 fusion proteins (both AD and GFP) were expressed in yeast at levels comparable to the full-length fusion proteins. To determine whether deletion of the RpS3-binding sequence would relieve the dominant-negative phenotype of overexpressing Ltv1DNES, we transformed wild-type cells with GAL vectors expressing one of four proteins-Ltv1, Ltv1ΔC13, Ltv1D56-102, and Ltv1D56-102ΔC13-and grew these cells on plates containing either glucose or galactose. As shown in Figure 9F , neither Ltv1 nor Ltv1D55-102 were dominant negative when overexpressed, but Ltv1ΔC13 was, consistent with previous results. However, the double mutant, lacking both the NES and the RpS3-binding site Ltv1D56-102ΔC13, grew on galactose media significantly better than cells expressing Ltv1ΔC13. This result correlates with the loss of nuclear retention of RpS3. As shown in Figure 9D , overexpression of wild-type Ltv1 did not affect the cytoplasmic localization of RpS3-GFP, and overexpression of Ltv1ΔC13 resulted in its nuclear accumulation. However, when we overexpressed Ltv1D56-102ΔC13, RpS3-GFP was no longer nuclear retained. Together, these data indicate that the toxicity of overexpressing Ltv1DNES must be mostly due to its retention of RpS3 in the nucleus.
Discussion
Ribosome adapters and nuclear export
The nuclear export of both the large and small ribosomal subunits is dependent on the export receptor Crm1. Two late 40S biogenesis factors, Ltv1 and Dim2, have been implicated as potential Crm1 adapter proteins in pre-40S export in S. cerevisiae (Seiser et al. 2006; Vanrobays et al. 2008) , and in human cells, an additional factor, hRio2, has been shown to promote Crm1-dependent export (Zemp et al. 2009 ). Here we have further investigated the question of whether Ltv1 is an export adapter for the pre-40S. We showed that Ltv1 contains a consensus NES sequence at its very C terminus that is necessary for Ltv1 export and for interaction with Crm1. We further showed that a 70-amino-acid fragment of Ltv1 containing this sequence is sufficient to rescue the function and nuclear export of Nmd3DNES. However, while overexpression of an Ltv1 lacking the 13 C NES is dominant negative and inhibits the export of RpS3 and Enp1, it did not affect the export of RpS2 or Nob1, proteins that are thought to exit the nucleus as part of the pre-40S subunit. Furthermore, overexpression of Ltv1ΔC13 did not lead to strong nucleoplasmic accumulation of ITS1, as seen in other pre-40S export mutants (Moy and Silver 2002; Faza et al. 2012) . From this it appears that overexpression of an export incompetent Ltv1DNES does not interfere with small subunit export. Consistent with this interpretation, both the slow-growth phenotype and the 40S biogenesis defect of Dltv1 cells (Seiser et al. 2006) could be complemented by expression of Ltv1ΔC13 protein. This indicates that an Ltv1 that is defective in export is still able to perform a pre-40S assembly/biogenesis function, perhaps in a structural capacity in assembling a stable pre-40S RNP. We conclude that Ltv1 does have a functional C-terminal NES that interacts with Crm1. However, if its cargo is the pre-40S, this function must be completely redundant with other exporters, and loss of its export function is not the cause of the slowgrowth phenotype of Dltv1 cells. (A) Serial dilution assay. Galactose-inducible plasmids expressing full-length Ltv1 (Ld180), Ltv1ΔC13 (Ld181), RpS3 (Ld208), and Yar1 (Ld8) were transformed into wild-type yeast (LY134). Cell dilution assays were preformed as described in Figure 4. (B) Yar1-GFP localization. Cells with an integrated Yar1-GFP gene (LY278) were transformed with P GAL -LTV1 (Ld177) or P GAL -LTV1ΔC13 (Ld178). Cultures were grown as described in Figure 5 and imaged after 6 hr growth in selective media with 2% galactose.
Does nuclear retention of RpS3 affect ribosome biogenesis?
Overexpression of an Ltv1 that cannot be exported (Ltv1DNES) is dominant negative and results in the nuclear accumulation of RpS3. Ltv1 and RpS3 interact and deletions in the region of LTV1 necessary for this interaction relieve the dominant-negative phenotype and the nuclear retention of RpS3, suggesting that RpS3 is nuclear-localized because of its interaction with Ltv1DNES. In addition, the dominant-negative phenotype of Ltv1DNES overexpression can be suppressed by overexpressing RpS3 and its chaperone, Yar1. Together, these data suggest that it is the retention of RpS3 in a nuclear Ltv1DNES:RpS3 complex, rather than the lack of Ltv1 export per se, that is dominant negative. Finally, the fact that expressing more RpS3, along with its solubility factor, suppresses the dominantnegative phenotype, suggests that it is the absence of free RpS3 rather than the buildup of nuclear Ltv1-complexed RpS3 that is deleterious to growth. Does Ltv1DNES overexpression impact ribosome biogenesis? One possibility is that the pre-40S subunits that are PJ69a cells were cotransformed with pGBKT7g-RpS3 (Ld233) and various Ltv1 deletions fused to a C-terminal GAL4 activation domain (AD) as follows: (1) Ltv1ΔC13 (Ld263), (2) Ltv1Δ56-102ΔC13 (Ld269), (3) Ltv1Δ103-201ΔC13 (Ld270), (4) Ltv1Δ202-321ΔC13 (Ld259), (5) Ltv1Δ322-332ΔC13 (Ld261), and (6) Ltv1Δ333-394ΔC13 (Ld260). C1 is PJ69a cells cotransformed with Ltv1-AD and pGBKT7g, and C2 has pGADCg and pGBKT7g-RpS3 (Ld233). Single colonies were streaked onto selective plates with or without added histidine (2leu 2trp and 2leu 2trp 2his, respectively). (C) Fluorescence microscopy of wild-type cells (LY134) transformed with vectors expressing Ltv1-GFP (Ld258), Ltv1ΔC13-GFP (Ld257), and Ltv1Δ56-102ΔC13-GFP (Ld255). Cells were grown in selective media with glucose into log phase before imaging. (D) Fluorescence microscopy of live, log-phase cells (LY134) cotransformed with Ld140 (P RpS3 -RpS3-GFP) and galactose-inducible plasmids expressing full-length Ltv1 (Ld180), Ltv1ΔC13 (Ld181), or ltv1D56-102DC13 (Ld276). Cells were induced on galactose as described in Figure 6A prior to imaging. (E) Cultures of strain BY4741 expressing Ltv1-GFP (Ld258), Ltv1ΔC13 (Ld257), Ltv1Δ56-102ΔC13 (Ld255), Gal4AD-Ltv1 (Ld235), Gal4-Ltv1ΔC13 (Ld263), or Gal4AD-Ltv1ΔC56-102ΔC13 (Ld269) were grown to an OD 600 of 0.3. Whole-cell extracts were prepared, and 0.3 OD 600 units were loaded per lane and separated by SDS-PAGE. Proteins were transferred to membrane and probed for GFP, Gal4 activation domain, or Rpl8 as a loading control. (F) Galactose-inducible plasmids expressing full-length Ltv1 (Ld180), Ltv1ΔC13 (Ld181), Ltv1Δ56-102 (Ld275), Ltv1D56-102DC13 (Ld276), or empty vector (pAG413GAL) were transformed into wild-type yeast (LY134) as indicated. Cell dilution assays were preformed as described in Figure 4A .
exported from the nucleus in cells overexpressing Ltv1DNES are underloaded for RpS3. Perhaps Ltv1DNES, overexpressed and concentrated in the nucleus, can extract a tenuously held RpS3 from the pre-40S subunit. There are several reports suggesting that RpS3 is initially loaded into the nuclear pre-40S in a position that is not the same as its final position in the mature subunit (Schafer et al. 2006; Campbell and Karbstein 2011; Holzer et al. 2013) . Furthermore, RpS3 and Enp1 can be extracted with high salt in vitro from pre-40S subunits, but not from mature 40S subunits (Schafer et al. 2006) . Since overexpression of Ltv1 is only dominant negative if the overexpressed protein is nuclear ( Figure 4A ), this is consistent with a unique vulnerability of nuclear pre-40S subunits to RpS3 extraction. Also, because the phenotype of overexpressing Ltv1DNES is different from RpS3 depletion, where pre-40S nuclear export is blocked (Schafer et al. 2006) , Ltv1DNES must extract RpS3 at some later stage in 40S assembly, after its initial incorporation and perhaps after some assembly/ export checkpoint. In yeast, incomplete or incorrectly assembled ribosomal subunits are usually confined to the nucleus and degraded, but exceptions do exist; pre-60S subunits deficient in RpL1 can be exported to the cytoplasm and even incorporated into polysomes. These cells grow slowly, but have normal 60S levels (McIntosh et al. 2011) , a phenotype similar to what we observe. Because RpS3 is involved in a conformational change that closes the latch over the mRNA during initiation (Passmore et al. 2007 ), 40S subunits lacking RpS3 might be expected to exhibit an initiation defect. The reduced polysome peaks and the increased 80S monosome peak that we observe ( Figure 4C ) is consistent with either some fraction of ribosomes not initiating at all or with all ribosomes showing a reduced rate of initiation. In this context, it is intriguing that overexpression of a viral protein that binds human RpS3 and leads to its nuclear retention also causes a reduction in polysomes and an inhibition of both cap-dependent and internal ribosome entry-mediated translation (Zhao et al. 2013 ). While we think that RpS3 underloading is an intriguing possibility, Western blots did not reveal a significant difference in the amount of 40S-associated RpS3 in cells overexpressing Ltv1ΔC13 as compared to wild type D. Lycan and A. Johnson, unpublished data). However, RpS3 may have reassociated with pre-40S subunits during extract preparation, so a different approach may be necessary to detect in vivo underloading. Finally, whether the reduction in the polysome-to-monosome ratio that we see when RpS3 is titrated by Ltv1DNES can account for the dominant-negative effect on growth that we observed remains to be determined.
Does titration of RpS3 affect an extraribosomal function?
An alternative hypothesis for the strong dominant-negative effect of trapping RpS3 in the nucleus is that this interferes with some nonribosomal function of RpS3. RpS3 is one of a handful of ribosomal proteins with extraribosomal functions (Warner and McIntosh 2009) . In both yeast and humans, RpS3 has enzymatic activity on a variety of damaged DNA substrates generated by UV and oxidative stress (Jung et al. 2001; Hegde et al. 2004) . In humans, RpS3 translocates to the nucleus from the cytosol after phosphorylation by ERK1/2 in cells exposed to oxidative stress and colocalizes with 8-oxoG foci in the nucleus (Yadavilli et al. 2007) . Titration of free RpS3 by overexpressed Ltv1DNES might deleteriously affect growth if free extraribosomal RpS3 plays a role in DNA surveillance and, hence, in cell division in yeast. The fact that both Dyar1 and Dltv1 cells are sensitive to oxidative stress (Loar et al. 2004 ) might be related to their common affinity for and interaction with RpS3, perhaps in this nonribosomal role of the protein.
Our results leave open the question of what the function of the conserved NES in Ltv1 is. The NES could serve a redundant function in pre-40S export as originally proposed, but if so, there is no apparent phenotype associated with deleting this function. Alternatively, or in addition, it might ensure that excess Ltv1 does not build up in the nucleus. Ltv1 has a nuclear function in assembling the pre-40S, which requires that it be imported into the nucleus, but because of its affinity for RpS3, its accumulation in the nucleus might be detrimental to cells. One possible explanation for these data is that the NES on Ltv1 serves to prevent a nuclear buildup of Ltv1.
